The relative biological effectiveness (RBE) of mixed neutron and gamma-ray radiation emitted at a
gamma rays produced approximate linear changes in the frequency of micronuclei induced in root-tip cells of Allium cepa L. onion seedlings after irradiation as dry dormant seeds with varying absorbed doses in onion seeds. Therefore, the RBE for radiation-induced micronuclei was calculated as the ratio of the slopes for the 252 Cf mixed radiation and the 60 Co gamma rays. The deduced RBE value of 252 Cf mixed radiation to 60 Co gamma rays to induce micronuclei in dry dormant onion seed cells was about 90.5 ± 3.6 ( ± 1 σ ); the RBE of neutrons from the 252 Cf mixed radiation was about 150 ± 6 ( ± 1 σ ). Furthermore, the sensitivity ratio of the induction rate of micronuclei in dry dormant seeds to that in seedlings by neutrons from
INTRODUCTION
Due to the high relative biological effectiveness (RBE), 252 Cf neutron irradiation at low dose rates has been of considerable interest in the fields of radiation therapy and radiobiology during the past several decades [1] [2] [3] [4] [5] [6] . The RBE values of neutrons have also played an important role in reassessing cancer induction among survivors of the Hiroshima and Nagasaki A-bombs [7] [8] [9] [10] , in the dose evaluation of residents near nuclear explosion test sites 11) and in the environmental effects of nuclear accidents 12, 13) . On the other hand,
252
Cf neutron irradiation always accompanies gammaray irradiation, and the dosimetric characteristics of neutrons and gamma rays differ substantially 14) . Consequently, a determination of the RBE value of 252 Cf mixed radiation is necessary for a better radiobiological understanding.
When chromosome aberration was used as a biological criterion for dry seeds exposed to various radiation sources, it was reported that the RBE values were 5-9 for Triticum (wheat), 78 for Nigella damascene (maize) and 100 (maximum) for Tradescantia (inflorescence), respectively 15) . Hase et al . reported that the RBE values of Nicotiana tabacum L. dry seeds exposed to three different ion beams were 14.3-17.5, 7.0-8.3 and 7.8 16) . Micronuclei induced in the root-tip cells of Vicia faba roots irradiated with 3 MeV neutrons were 10.5-fold 17) higher than that induced by gamma rays. Recently, it was also reported that the micronucleus yields could easily be monitored in the root-tip cells of onion seedlings after exposure to ionizing radiation 18, 19) . Micronucleus induction in Allium cepa root-tip cells irradiated by a 252 Cf mixed radiation was 16 18) and 18-fold 19) higher than that by 60 Co gamma-ray radiation, respectively. In this experiment we irradiated onion dry seeds. We compared the RBE difference between the irradiation of these onion seedlings and dry seeds. Using this high sensitivity to neutrons compared to gamma rays, we could obtain the RBE for radiation-induced micronuclei in dry onion seed cells calculated as the ratio of the slopes for a 252 Cf mixed radiation vs.
60
Co gamma ray radiation [18] [19] [20] [21] using the methodology of micronucleus assays developed by Hanmoto 22) in the present study.
MATERIALS AND METHODS

Dry dormant onion seeds
Onion ( Allium cepa L.) seeds of variety OK Yellow that had been harvested in July, 1998, were kindly supplied by Takii Seed Corporation, Kyoto, Japan. The seeds were stored in a refrigerator at 4 ° C under a dry condition until use. Before irradiation, they were filled into 12 (diameter) × 42 mm IWAKI polystyrene tubes (Asahi Techno Glass Corporation, Chiba, Japan). The main element compositions of onion seeds and their weight percent are given in Table 1 . Cf source, a pair ionization chambers, IC-17 and IC-17G (model 565-RTG and 561-RGG graphite, respectively, Far West Technology, Inc., Goleta, CA, USA), were used after calibration against the JARP (Japanese Radiological Physicists) tertiary standard chamber at Hiroshima University 23) . The tissue dose rates of neutrons and gamma rays were 0.19 Gy/ h and 0.10 Gy/h, respectively, at a distance of 10.8 cm from the source, where polystyrene tubes containing seed samples were irradiated.
Irradiations
For gamma-irradiation, a 60
Co gamma-ray source (1.11 × 10 14 Bq on 1 March 1999, Shimadzu Seisakusho, Tokyo, Japan) installed at Hiroshima University 23) was used. The tissue dose rate was 44.6
Gy/h, as measured by the JARP chamber at a distance of 80 cm from the source, where the tubes containing seed samples were placed under a 4 × 300 × 300 mm square Lucite plate (1.2 g/cm 3 ). 
Absorbed doses in onion seeds
In order to convert all doses measured by the chambers in terms of Gy in tissue (T) to doses absorbed by onion-seed tissue (S), the kerma coefficients of neutrons and gamma rays in onion seed tissue ( k S ) were calculated by ,
where k i is the kerma coefficient for radiation for element i at energy E, and w i is the fraction by weight of element i in the tissue of dry onion seeds ( 14) for neutrons and ICRU Report 33 25) for gamma rays. The kerma ratio of k S to k T can be used as a conversion factor of the tissue dose to the onionseed tissue dose. The ratio values for neutrons and gamma rays were 0.808 and 0.974, respectively (Table  2) . Thus, the dose rates of neutrons and gamma-rays from the 252 Cf mixed radiation and the dose rate of 60 Co gamma rays in onion seeds were estimated to be 0.15 Gy/h, 0.10 Gy/h and 44.6 Gy/h, respectively.
Timing for micronucleus assays
One to two days after irradiation, seeds were sown on paper beds soaked with distilled water in 35 mm IWAKI tissue culture dishes and allowed to germinate on the beds at 25 ° C. Then, 72 hours after sowing, the resulting seedlings with roots of about 1 cm were sampled and subjected to a micronucleus assay. The sampling time was determined based on the following observations made in a preliminary experiment where the mitotic index (i. e., number of mitotic cells/ 100 meristematic cells) and frequency of micronuclei (i.e., number of micronuclei/100 interphase cells) were measured in the root-tip cells of onions irradiated as seeds with 3. Co gamma-ray irradiated samples as well as in the controls, mitotic indexes were low at 48 hours after sowing, increased to a normal or subnormal level at 72 hours, and, thereafter, retained the high level. In parallel with the time course of the mitotic index, the frequency of micronuclei in both irradiated samples increased from the control level to a high level of from 48 to 72 hours after sowing, and retained the high level at 96 and 120 hours (data not shown, but available on request). These results confirm the previous report that, in the root-tip cells of onion seedlings, mitotic division onsets around 48 hours after sowing, and cell cycle duration is about 21 hours [26] [27] [28] [29] . In other words, under the conditions used, we scored micronuclei that had been produced through the first mitosis after irradiation.
Micronucleus assays
The roots of sampled seedlings were fixed, macerated and stained for 15 minutes with a solution containing acetic dahlia and 1 N HCl at a volume ratio of 7:3 19, 22) . A dye solution was prepared by dissolving a 0.5 g sample of dahlia violet (Wako Pure Chemical Industries, Ltd., Osaka, Japan) into 100 ml of 30% acetic acid. The treated roots were then washed with distilled water for 5-10 minutes; the terminal 1-2 mm 
of the roots were mounted using 50% glycerin as a medium and squashed on slide glasses, one root each. The semi-permanent preparations made in this way were microscopically inspected at a magnification of 400× for the presence of more than one nucleus in the meristematic cells at the interphase. The additional nuclei, which were smaller than the normal, were scored as micronuclei. The frequency of micronuclei (/100 cells) was determined for each irradiation as the unweighted mean for 5 slides, on each of which about 1000 interphase cells were observed.
RESULTS AND DISSCUSION
In Fig. 1 , the frequencies of micronuclei F (%) observed in the root-tip cells of onion seedlings after irradiation as dry seeds with Co gamma rays. Using a maximum-likelihood method with a Poisson-response model, the dose-response data were fitted to a linear equation,
where the numerical term is the spontaneous frequency of micronuclei (with ±1σ of 0.01) determined as the average of concurrent controls from nine experimental runs, and b induced rate of micronuclei (/100 cells · Gy If fraction p of a total dose of neutron-gamma mixed radiation absorbed by onion seed tissue is contributed by neutrons, b Cf can be approximated by
where b n is the induced rate by Co, from Eq. (3) we obtained a b n value of 3.64 ± 0.13 (±1σ) for the experimental p value of 0.60. This b n value is 150 ± 6 (±1σ) fold higher that the b g value. That is, for producing micronuclei in the root-tip cells of onion seedlings after irradiation as dry seeds, the RBE of 252 Cf neutrons is 150 ± 6 (±1σ). Seed irradiation, where a large differences in the moisture or oxygen content may exist, can be subjected to environmental conditions which substantially influence the degree of responses to neutrons and gamma rays 15) . Table 3 gives the sensitivities of onion seeds and onion seedlings to 252 Cf neutrons and 60 Co gamma rays for producing micronuclei in the root-tip Cf neutron radiation the induced rate of micronuclei produced in seeds (3.64 ± 0.13 /100 cells · Gy -1 ) is lower than that in seedlings (115 ± 27 /100 cells · Gy ), of which the ratio of the induced rate of seed to seedling is about 0.0038. Thus, the neutron RBE value of seeds is about 8.3-times higher than that of seedlings (decreasing from 150 of seeds to 18 of seedlings). This decrease in the RBE values is very similar to those found for a single locus somatic mutation in maize 15) and for the frequencies of micronuclei induced in the root-tip meristematic cells of Vicia faba 17) . In other words, the presence of higher moisture or oxygen during irradiation results in lower RBE values 15, 17) . However, if this decrease in the RBE values is solely due to an increased effectiveness of gamma-ray irradiation 15) , the difference in the sensitivities between onion seeds and the seedlings exposed to gamma-ray irradiation should at best be about 10 times. In the present study with gamma-ray irradiation, this difference is as high as 260 times, and cannot be solely due to the presence of a higher moisture or oxygen content during irradiation. Another important reason is the substantial difference in the repair efficiencies of DNA damage caused by gamma-ray irradiation and neutron irradiation 16, 30, 31) . By the first mitotic division after sowing, the DNA damage caused by irradiation as dry seeds can be efficiently repaired. This repair efficiency of DNA damage caused by gamma-ray irradiation is higher than that by neutron irradiation.
The RBE of neutrons, compared with that of photon radiation, also greatly varies depending on various physical and biological factors 2, 15, 24) . Generally, the RBE values observed for the induction of chromosome aberrations in Allium cepa were higher than those observed for biological effects related to mammalian cell lethality 20) . It also differs for different neutron energies, doses, dose rates and biological criteria 2, 21, [32] [33] [34] . For example, at doses below 1 cGy, using 60 Co gamma ray radiation as a reference, the RBE values of neutrons to induce micronuclei in Vicia faba root-tip cells were 25.4 ± 4.4 and 63.7 ± 12 for high-energy neutrons (up to 600 MeV) and 252 Cf neutrons, respectively; however, in the high-dose region (up to 80 cGy), the RBE values were 4.7 ± 0.4 and 11.8 ± 1.3 for high-energy neutrons and 252 Cf neutrons, respectively 34) . In general, the RBE values for 252 Cf mixed radiation decreased with the increasing 252 Cf mixed radiation dose rates for responses of either normal tissues or cells in vitro and in experimental tumors 2) . Since 252 Cf mixed radiation induces much more micronuclei in Allium cepa onion-seed cells than 60 Co gamma rays, it is possible to use this micronucleus assay as a simple, practical biodosimeter. It was reported that the calibrated onion system (seedlings) can be used as a biodosimeter to accurately estimate the doses of fast neutrons in the mixed neutron and gamma-ray radiation of a reactor 18, 19) . More dosimetric studies must be conducted in the future, such as an examination of the responses to the dose rates and neutron energies 32) . In summary, the micronucleus induction of 252 Cf mixed radiation in Allium cepa onion-seed cells was approximately 100-times greater than that of 60 Co a Irradiated as dry seeds and subjected to the micronucleus assay at 72 hours after irradiation (present data). b Irradiated as young seedlings at 48 hours after sowing and subjected to the micronucleus assay 24 hours after irradiation (data from Fujikawa et al. 19) ) gamma rays. That is, the RBE value of 252 Cf mixed radiation to 60 Co gamma rays to induce micronuclei in onion-seed cells was approximately 90.5 ± 3.6 (±1σ); the RBE of neutrons from the 252 Cf mixed radiation is about 150 ± 6 (± 1σ). Our findings also suggested that the repair efficiency of DNA damage induced by neutrons may be different from that by gamma rays.
